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THE SEPARATION OF MICROGRAM QUANTITIES OF 
"sCf AND "fcCm BY EXTRACTION CHROMATOGRAPHY 

IN A HIGH-LEVEL CAVE 

by 

E. P. Horwitz, C. A. A. Bloomquist, 
J. A. Buzzell, and H. W. Harvey 

ABSTRACT 

The extraction chromatography technique was applied 
to the separation of microgram quantities of "°Cm from 
hundred-microgram quantities of "^Cf. Di(2-ethylhexyl) 
orthophosphoric acid adsorbed on hydrophobic Celite was 
used as the colun:in mater ia l . Dilute nitric and hydrochloric 
acids were used as the elutr iants. Column runs were per 
formed in a high-level cave with 48-in. concrete shielding. 
Decontamination factors of " 'Cf from the ^*'Cm of lO'- lO' 
were obtained in a single-column run. 

L INTRODUCTION 

During the last few years microgram to mill igram quantities of 
the isotope 98Cf (alpha half-life of 2.65 yr) h^ve become available from 
the Oak Ridge National Laboratory. The pr imary uses of this isotope 
have been as a neutron source, as a result of its 85-yr spontaneous-
fission half-life, and as a target for the production of einsteiniunn by 
neutron irradiat ion. However, as larger quantities of ggCf become 
available, another important use of this isotope will be as a source of 
94Cm, which is the daughter of ĝgCf and is one of the nnost stable isotopes 

of curium. Its alpha half-life (3.84 x 10^ yr) and alpha specific activity 
(8.34 X 10' d/min/j_ig)(Ref. l ) a r e >10'' t imes the alpha half-life and <10* 
times the specific activity of the most readily available isotope of curium, 
namely, gJCm. Because of its stability, 5(,Cnn is one of the best sources 
of curium for the preparat ion and study of the chemical compounds of 
this elennent. 

This report descr ibes an extremely rapid and efficient method for 
separating 96Cm from microgram quantities of its parent, 98Cf. The 
separation is based on the large difference in the extractability of Cm(lII) 
and Cf(lII) by the extractant di(2-ethylhexyl) orthophosphoric acid (HDEHP). 
The ^9^Cm and 9̂8Cf a re separated on an extraction chromatography colunnn 
containing HDEHP. Because of the large nunnber of neutrons emitted by 





m i c r o g r a m q u a n t i t i e s of " |Cf , it i s n e c e s s a r y to p e r f o r m the s e p a r a t i o n by 
r e m o t e c o n t r o l in a h i g h - l e v e l c a v e . A c o n t a i n m e n t box wi th in the cave 
h o u s e s the e q u i p m e n t and a p p a r a t u s u s e d for the s e p a r a t i o n . 

II. E X T R A C T I O N CHROMATOGRAPHY O F Cm(II l ) 
AND Cf(ll l) WITH H D E H P 

The cond i t i ons for ' m i l k i n g ' m i c r o g r a m quan t i t i e s of ^9|Cf for i t s 
d a u g h t e r ^*lCm a r e b a s e d on e x t e n s i v e t r a c e r - s c a l e da ta on the e x t r a c t i o n 
c h r o m a t o g r a p h y of Am(l I I ) , Cm(l I I ) Bk(III), C f ( m ) , Es ( l I I ) , and Fm(III ) wi th 
H D E H P , which h a s b e e n ob ta ined by the au tho r s^ ' ^ dur ing the l a s t few 
y e a r s . The c o l u m n n n a t e r i a l c o n s i s t e d of H D E H P a d s o r b e d on a 
hydrophob ic d i a t o m a c e o u s e a r t h s u p p o r t ( C e l i t e - 5 4 5 ) ( s ee Sect . IV). Many 
co lumn p a r a m e t e r s w e r e e v a l u a t e d in t h e s e s t u d i e s ; h o w e v e r , only the da t a 
that a r e p e r t i n e n t to the C m - C f s e p a r a t i o n wi l l be p r e s e n t e d h e r e . The 
t r a c e r - s c a l e C m - C f d a t a , t o g e t h e r wi th s o m e da ta for a m e r i c i u m and 
b e r k e l i u m , wi l l be p u b l i s h e d in a m o r e c o m p l e t e f o r m e l s e w h e r e . 

T a b l e I shows the s e p a r a t i o n f ac to r Cf(III ) /Cm(III) at four d i f fe ren t 
t e m p e r a t u r e s ob t a ined wi th d i lu te HNOj and HCl e l u t r i a n t s . The c o l u m n 
con ta ined 88 2 mg H D E H P / g of d r y bed The s e p a r a t i o n f a c t o r s w e r e c a l 
cu la t ed by u s e of the equa t ion 

C = (Vmax - V n i ) A m . ( D 

w h e r e Vj^^^^ is the v o l u m e of e lua t e to peak maximunn, v,ri ^^ '1^^ void 
v o l u m e o r v o l u m e of the m o b i l e p h a s e , and C , i s the n u m b e r of f r ee c o l u m n 
v o l u m e s to p e a k m a x i m u m . 

T A B L E I S e p a r a t i o n F a c t o r , Cf ( I I I ) /Cm(l I l ) . 
for the E x t r a c t i o n C h r o m a t o g r a p h y S y s t e m 

H D E H P on Ce l i t e 

T e m p , "C HNO3 E l u t r i a n t HCl E l u t r i a n t 

25 26 il 
45 24 28 
60 22 25 
75 20 23 

The da ta in T a b l e I show tha t the s e p a r a t i o n f ac to r is r e l a t i v e l y 
i n s e n s i t i v e to t e m p e r a t u r e . In add i t ion , the d i f f e r ence for HNO3 and HCl 
is a l s o v e r y s m a l l . S ince c o l u m n p e r f o r m a n c e ( m e a s u r e d by c a l c u l a t i n g 
the p l a t e he igh t ) w a s found to be s u b s t a n t i a l l y h i g h e r at h i g h e r t e m p e r a t u r e s 
for Es ( l l l ) , ^ a t e m p e r a t u r e of 60°C w a s s e l e c t e d a s a conven ien t t e m p e r a t u r e 
a t w h i c h to c a r r y out the s e p a r a t i o n of c u r i u m and c a l i f o r n i u m . 





F i g u r e I shows the ac id d e p e n d e n c y of the K ĵ of C m ( l l l ) and Cf(ll l) 
a t 60°C. The c o l u m n aga in con t a ined 88.2 m g of H D E H P / g of d r y bed . The 

v a l u e s of K j w e r e c a l c u l a t e d by u s e of 
HNOs eiuiriont HCl Eiut'ioni t h e e q u a t i o n s 

+ KdVg 

a n d 

Kd = C ( v ^ / v s ) , 

(2) 

(3) 

0 2 0.4 0 6 0.8 0.1 
Molotily of HNO, 

0 2 0 4 OB 0 8 1-
Molorily of HCl 

121-4676 

Fig. 1. Concentration of Hydrogen Ion for the 
Elution of Cm(III) and CfJIII) from 
HDEHP on Celite: 88.2 mg of 
HDEHP/g of Dry Bed; flowrate = 
1.2 ml/cmVmin, GOOC 

w h e r e K^j i s t h e d i s t r i b u t i o n c o e f f i c i e n t 

a n d Vg i s t h e v o l u m e of s t a t i o n a r y p h a s e 

( H D E H P ) . T h e v a l u e of Vg i s o b t a i n e d b y 

d i v i d i n g t h e w e i g h t in g r a m s of H D E H P 

i n a c o l u m n b y t h e d e n s i t y of H D E H P 

( 0 . 9 7 5 g / m l ) . By m e a n s of E q s . 2 o r 3 

a n d t h e d a t a i n F i g . 1, t h e a c i d i t y of t h e 

e l u t r i a n t r e q u i r e d t o e l u t e c u r i u m a n d 

c a l i f o r n i u m o v e r a w i d e r a n g e of v a l u e s 

of V j n a x °^ ^ '^^^ ^^ c a l c u l a t e d . 

F i g u r e 2 s h o w s a t y p i c a l C m ( l l l ) -

C f ( l l l ) t r a c e r - s c a l e s e p a r a t i o n . T h e 

m f o r t h i s p a r t i c u l a r c o l u m n w e r e 0 . 0 2 1 a n d 0 . 4 6 m l , 

r e s p e c t i v e l y . A n a c i d c o n c e n t r a t i o n ( H C l in t h i s c a s e ) w a s c a l c u l a t e d t o 

e l u t e c u r i u m i n t h e f i r s t f r e e - c o l u n n n v o l u m e (C i n t h e r a n g e f r o m 0 t o 1) . 

Fig. 2 

The Elution of Cnyill) and Cf(ni) with 0.41 N HCl from 
HDEHP on Celite: 88.2 mg of HDEHP/g of Dry Bed, 
Flowrate: 1.3 ml/cm'^/min, 60°C. Column bed size: 
0.0620 cm^ X 10 cm; bed density: 0.371 g/ml; drop 
volume: 39 yl/diop; f = 0.72. 

Sfoorotioo Foclo. • 25 

150 200 250 3 0 0 350 
OrOO Nutnbc of CliMff 

121-4678 Frvc Co'umn Volume of Eiufltt 





In apply ing the e x t r a c t i o n c h r o m a t o g r a p h y s y s t e m to the s e p a r a t i o n 
of fig to mg s a m p l e s of "gCf- I^Cm, the effect of m a s s on the Kd m u s t a l s o 
be t aken into accoun t . The m a s s effect w a s s tud i ed us ing Eu(II l ) a s a 
s u b s t i t u t e for Cf( l I I ) . ' If it is a s s u m e d that one m o l e of Eu(III) [or Cf(lU)] 
c o m p l e x e s s ix m o l e s of H D E H P , the r e d u c t i o n in the K^ of Eu(lII) was 
~37% when 12% of the c a p a c i t y of the c o l u m n was c o m p l e x e d by Eu(l I I ) . 
C o l u m n s should not be loaded m u c h beyond 12% of t h e i r c a p a c i t y b e c a u s e 
of r a d i a t i o n d a m a g e to the c o l u m n . The C m - C f s e p a r a t i o n shou ld s t i l l be 
r e l a t i v e l y ef f ic ient even if the K j of Cf(lII) was r e d u c e d by 37%. Ac tua l ly , 
u n d e r t h e s e c o n d i t i o n s , the Cm(l I I ) band would be r e a d i l y d i s p l a c e d in front 
of the Cf(l l l ) band by the l a r g e quant i ty of c a l i f o r n i u m . 

III. E Q U I P M E N T 

F i g u r e s 3 and 4 show the g e n e r a l layout and a p p a r a t u s e m p l o y e d 
for p e r f o r m i n g the C m - C f s e p a r a t i o n by r e m o t e c o n t r o l in a h i g h - l e v e l 
c a v e wi th 4 8 - i n . c o n c r e t e s h i e l d i n g . The e q u i p m e n t u t i l i zed and the 
m a t e r i a l s of c o n s t r u c t i o n e m p l o y e d a r e l i s t e d in the Appendix . In m o s t 
c a s e s s t a n d a r d - s i z e g l a s s w a r e and e q u i p m e n t w e r e used in the con 
t a i n m e n t box. H o w e v e r , in c e r t a i n s i t u a t i o n s e q u i p m e n t was modi f ied in 
o r d e r to p e r m i t e a s y handl ing wi th the m a s t e r - s l a v e m a n i p u l a t o r s . 

121-4074 

Fig. 3. Inside View of Containment Box 





121-4075 
Fig. 4. Back of Containment Box Showing Transfer Port and 

Can-out System 

The e q u i p m e n t in the c o n t a i n m e n t box w a s d e s i g n e d to r e d u c e 
s ign i f i can t ly the c a u s e s and s p r e a d of r a d i o a c t i v e c o n t a m i n a t i o n . The two 
m a j o r c a u s e s of c o n t a m i n a t i o n in r e m o t e - c o n t r o l o p e r a t i o n s , such a s t h o s e 
d e s c r i b e d be low, a r e in the handl ing and r e m o v a l of r a d i o a c t i v e w a s t e 
and in the e v a p o r a t i o n of h ighly r a d i o a c t i v e s o l u t i o n s . Was te r e m o v a l w a s 
p e r f o r m e d by m e a n s of a r e m o t e o n e - g a l l o n w a s t e - t r a n s f e r s y s t e m , 
shown in F i g . 4 . Al l l iquid w a s t e w a s a b s o r b e d in v e r m i c u l i t e wh ich was 
s u b s e q u e n t l y p l a c e d , a long wi th o t h e r so l id w a s t e , in i c e - c r e a m c a r t o n s 
( s e e F i g . 3, e x t r e m e front left s i d e of the c o n t a i n m e n t box) . The c a r t o n s 
w e r e t h e n p l a c e d in o n e - g a l l o n c a n s h o u s e d in the b o t t o m of the t r a n s f e r 
p o r t . The f loor of the c o n t a i n m e n t box w a s c o v e r e d wi th F o r m i c a to 
f a c i l i t a t e the c l e a n u p of any " s p i l l s . " 

E v a p o r a t i o n s w e r e p e r f o r m e d by d r a w i n g a i r ove r the top of the 
e v a p o r a t i n g so lu t ion and up t h r o u g h a t ube , wh ich w a s c l a m p e d " 1 - 2 in. 





above the top of the solution. The vapors were then passed from the tube 
through a t rap containing dilute HCl (see Fig. 3). The negative p re s su re 
in the evaporation system was maintained by means of a light-duty 
vacuum pump. 

IV. PROCEDURE 

A. Preparat ion of Column Material and Columns 

The HDEHP used in preparing the column mater ial was purified 
following the procedure of Peppard eit a2^ A commercial diatomaceous 
earth, Celite 545, was used as the solid support for the HDEHP The 
Celite was graded by means of a grading apparatus almost identical to 
that described by Aly and Latimer.^ The optimum par t ic le-s ize fraction, 
which was found by previous studies to have a settling rate of 1.0-1.3 cm/min, 
was selected for the preparat ion of the column mater ia l . The graded Celite 
was then made hydrophobic by exposing to the vapors of dimethyldichlorosilane 
(DMCS) in a vacuum system 

The HDEHP-Celite column nnaterial was prepared by mixing the 
appropriate amounts of graded hydrophobic Celite and purified HDEHP with 
acetone and evaporating the excess solvent at room temperature Two 
column mater ia l s of different capacity were prepared. The quantities used 
in preparing the small-capaci ty mater ia l , which contained 88.2 mg 
(0.27 mmol) of HDEHP/g of dry column mater ial , were the following: 
193 mg of HDEHP, 20-25 ml of acetone, and 2 g of Celite. The large-
capacity mater ia l , which contained 162 mg (0 JO mmol) of HDEHP/g of 
dry column mater ia l , was prepared as described above except that the 
quantity of HDEHP was doubled. 

Pyrex glass columns (of ~2.8 and 4.0 mm ID) were used for all 
separat ions. The columns were exposed a minimum of 30 min to DMCS 
vapors in a desiccator , then washed with acetone, air dried, and weighed. 
The bed volume and cross -sec t iona l a rea of the columns were measured 
by weighing the volume of water (while in the column) between two marks 
10 cm apart . After drying, the columns were filled by gently tamping the 
dried HDEHP-Celite mater ia l to form a bed 10 cm in length The columns 
were again weighed to obtain the weight of column mater ia l . The volume 
of the stat ionary phase, Vg, was then calculated from the quantity of 
HDEHP on the column (in grams) and the density of HDEHP (0 975 g/ml). 

All the columns used for Cm-Cf separations were thermostated 
at 60°C. The columns were routinely preconditioned with 10 bed volumes 
of preboiled 0.1 N HNO3 or HCl at 18-20°C and at a rapid flowrate. After 
preconditioning, the columns were thermostated at the proper tempera ture . 
All air pockets in the bed were removed by this procedure. The void 
volume Vjj, was measured by determining the breakthrough of Cs. 





B. Chromatographic Separation 

The typical column bed size used for the 96Cm "milking" of 
100-250-|jg samples of 98Cf was 0.13 cm x 10 cm and contained 545 nng 
of column mater ia l (162 mg of HDEHP/g of dry bed). The fractional void 
volume was 0.70. The values of Vg and Vj^ were 9 . 1 x 1 0 ^ and 0.91 ml, 
respectively. By use of Eq. 2 and the data in Fig. 1, the acidity of elutriant 
required to elute curium in the first 0-2 free colunnn volumes of eluate was 
calculated to be 0.46 N_ HNO3. The nitric acid elutriant was selected as 
the elutriant for use with high levels of alpha activity even though the 
separation factor is slightly smal ler than in the HCl system. At this 
acidity, the value of Vmax ^°' ' californium would be ~14 free column 
volumes of eluate. (The value of Kd was reduced by ~10% due to the mass 
of the samples.) 

The californium sample was evaporated to dryness in a centrifuge 
tube, dissolved in a minimunn volume of 0.3 ^ HNO3 ("0.5 ml), and loaded 
on the column by means of a Berkeley pipet. Several additional 0.5-ml 
portions of 0.3 ?£ HNO3 were used to r inse the centrifuge tube and were 
subsequently loaded on the column. The initial portion of acid used to 
dissolve the californium sample and the r inses were vortexed thoroughly 
in the sample tube and finally centrifuged. This procedure improved the 
efficiency of the loading operation. The efficiency of the loading was easily 
determined by neutron counting the centrifuge tube which contained the 
californium sample. 

The use of 0.3 ^ HNO3 for loading and rinsing insured rapid 
diaplacement of the curium band away from tlje californium band. A few 
minutes after loading the californium sannple on the column, the intense 
alpha and spontaneous-fission activity of the 98Cf produced noticeable 
gas pockets in the column. After loading, the elutriant was changed to 
0.46 rj HNO3. The flowrate was ~ 1-2 ml /cmVmin . Approximately 99. 5% 
of the curium eluted from the colunnn in the first three free column 
volumes of eluate. The elution was usually continued for six free column 
volumes before stripping the californium from the column with 1 Î HNO3. 
Approximately three free column volumes of 1 N HNO3 removed ~99.9% of 
the californium from the column. 

The californium samples were usually evaporated to dryness and 
loaded on a cation exchange column (Dowex 50W, X-8) with 0.1 l̂ HCl. 
(The cation exchange column was ~4 mm ID by 10 cm in length.) After 
loading, the column was eluted with 2-3 bed volumes of 2 >I HCl. The 
californium was then stripped fronn the column with "5 bed volunnes of 
6-7 N HCl. The californium samples were allowed to stand in 6-7 jvl HCl 
solution until the next ^9|Cnn separation. The purpose of the cation cleanup 
column was to remove from the californiunn any radiolytic decomposition 
products of the HDEHP which might be present , e.g., H^MEHP or H3PO4. 
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The separated ^ | C m fraction was removed from the high-level cave 
and further purified by extraction chromatography using HDEHP on Celite. 
The column size and conditions a re s imilar to those shown in Fig. 2. 

V. RESULTS AND DISCUSSION 

The curium fractions (first three free column volumes) from the 
first HDEHP column were consistently decontaminated from "aCf by a 
factor of 10 -10 . Unfortunately, the 98Cf samples were also contaminated 
with other californiunn isotopes, namely, ' 9BCf, which amounted to 
~25% of the total californium by mass . Thus, the final curium product 
contained other curium isotopes. A typical curium fraction contained 
-10-12 (Lig of curium, 96%"6Cm-4% "^Cm by mass and 21% ^|JCm-79% 
96Cm by activity. 

The procedure described above was also used to separate 9(,Cm 
from the californiunn samples prior to the "milking" experiments. The 
decontamination of 'JtCm from 100-250-/ig samples of californium was 2: 10 , 
depending on the efficiency of loading and rinsing of the reservoi r . The 
^^tCm content in the ^* '^WCm was maintained at < 1% by activity 
(<10"^% by mass) . During the purification of the californium samples, 
care was taken to minimize contamination of equipment in the containment 
box with 96Cm. Such contamination could result in cross-contamination 

^ '^9tCm samples with ^\i,Cm. o f 

Figure 5 shows the final purification of 10 ^g of "'"^^JCm from any 
t races of alkali and alkaline earth metals present and from any remaining 
"iCf. The final ^ tCm product was spectroscopically pure (>99.9%) 

s 
a 10* 

No*. 
rCo" 

Cm " • • • * • 

IOf.5 

Fig. 5 

The Separation of 10 gg of246,248cm from 252cf 
Using HDEHP on Celite: 88.2 mg of HDEHP/g of 
Dry Bed, Flowrate: 1 ml/cm /min; 60°C. Column 
bed size: 0.0638 cm x 10 cm; bed density: 
0.412 g/ml; drop volume: 41.7 Ul/drop; f = 0.72. 

121-4181 
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from all impuri t ies . (High-purity HCl solutions were used in the final 
elutions.) Thus, the extraction chromatography method with HDEHP not 
only decontaminated the californium from curium by many orders of 
magnitude (>10'°), but also gave a final product that was suitable for 
the preparat ion of curium compounds. 

Although the largest quantity of " |Cf that was "milked" for ^9tCm 
was 250 |Ug, the column size and capacity employed should handle up 
to 1 mg of ^98Cf. Even la rger samples of californium (e.g., up to 100 mg) 
could be "milked" in the above cave facility by increasing the column 
dimensions. 





APPENDIX 

Equipment and Materials 

1. Containment Box 

a. Construction 

(1) Size: 4 ft deep, 6 ft wide, and 4 ft high 
(2) Materials 

(a) Aluminum floor plate and panels covered with No. 949 
white Formica 

(b) Lucite wall sheeting 
(c) PVC corner and joining mater ia ls 
(d) Unistrut reinforcing 
(e) Plywood pallet, painted with f i re - res is tan t paint 
(f) RTV silicone caulking 
(g) Urethane gaskets on transfer port and front panel 

(3) Boots for nnanipulators 
(a) Upper boot PVC, 0.012 in. thick 
(b) Lower boot: PVC, 0.006 in. thick 
(c) Gaultlet: Hyperion-coated urethane 

(4) Double-door transfer porch: 12- x 12- x 9-in. transfer door 
(5) Gloves on side and back of box for decontamination 

b. Ventilation for Containment Box 

(1) Inlet f i l ters: 8-in. dianneter x 6 in. thick; absolute filters 
(99.95% efficient) 

(2) Exhaust fi l ters: 8-in. diameter x ^ in thick; absolute filters 
(99.95% efficient) 

(3) Negative p re s su re as per manometer = 0.250 in. of water 

2. Apparatus in Containment Box 

a. Vortex mixer 

b. Self-illuminated magnifying glass 

c. Lucite tube holder for neutron counting 

d. Evaporation apparatus, in-box t raps , and in-line scrubber 

e. Berkeley pipet line and glass ball-joint connector 

f. Nitrogen p r e s s u r e line and glass ball-joint connector for columns 

g. Thernnostated column jacket (dc coil heated) and extraction 
chromatography column 

h. Photoelectr ic-beam drop-counting device 

i. Sliding fraction collector 
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j . Teflon 3-way stopcock valve nitrogen p ressu re line selector 

k. Distilled water line containment box inlet 

1. Plexiglas-shielded centrifuge 

m. Exit port, including upper t ransfer tray and lower "can-out" 
remote- t ransfer apparatus 

3. External Equipment for Containment Box 

a. Manipulation--Cell Interior 

(1) Model 8 mas te r - s l ave manipulators 
(2) Extended-reach mas te r - s lave manipulators, used for t ransfers 
(3) One-ton-capacity crane 
(4) Through-wall t ransfer slide 

b. Transport 

(1) Radio-controlled "mule" for t ransport of sample 
(2) Robot manipulator for special t ransfers 

c. Utilities 

(1) Quick-connect bulkhead and regular fittings with double-end 
shut-off 
(a) l / 4 - in . ID for gas 
(b) 3/8-in. ID for liquids 

(2) Self-storing coil hose for some liquids and gases 

(3) Halon-1301 fire-extinguisher system 
« 

(4) AC-DC variable electricity 

(5) Vacuum pump, light duty, for evaporation unit 

(6) Neutron detector ("lU) mounted under containment box 

(7) Remote one-gallon transfer system 
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